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ABSTRACT This study proposes a new topology for brushless operation of a wound rotor synchronous
machine (WRSM) employing a stator harmonic winding. It is based on generating an additional six-pole
magneto-motive force component without the use of an inverter. In this topology, six thyristor switches
are used to create harmonic currents for brushless operation of the machine. The usage of stator harmonic
winding has the advantage of configuring the winding for six poles or any other combination based on the
output requirement. In the proposed topology, a six-pole winding arrangement is used to generate a six-pole
air-gap flux component aimed at rotor excitation for brushless operation. On the rotor side, two windings,
namely rotor harmonic winding (to intercept the air-gap harmonic flux) and field winding, along with a diode
rectifier are mounted. 2-D finite element analyses and experiments were carried out to analyze the brushless
operation of the WRSM.

INDEX TERMS Brushless operation, harmonic excitation, synchronous machine, wound rotor.

I. INTRODUCTION
The problems of demagnetization and increased cost
associated with rare earth magnets in permanent mag-
net synchronous machines have encouraged researchers to
use wound rotor synchronous machines (WRSMs) as they
are particularly suitable for automotive applications [1].
However, in applications where low-capacity WRSMs are
used owing to their low-cost advantage, an inherent prob-
lem is faced regarding the assembly of brushes and slip
rings. Nevertheless, WRSMs can still be used in low-capacity
machines by operating them without an assembly of brushes
and slip rings [2]–[5].

The problem has been addressed in many research arti-
cles. A design approach aimed at the recovery of space har-
monic power was investigated in recent years as an efficient
method using, for example, field poles excited by space
harmonics [6].

The associate editor coordinating the review of this manuscript and
approving it for publication was Gaolin Wang.

Similarly, a self-excited brushless synchronous generator,
which employed a fifth harmonic of armature magneto-
motive force (MMF) to excite the main field winding has
been introduced and analyzed in [7]. This topology is heavily
dependent on space harmonics and residual magnetismwhich
can lead to voltage build-up and regulation difficulties.

Additionally, current injection by an additional inverter to
create harmonics from stator windings has also been used
in recent research. Distributed windings have been used
in these topologies to avoid problems related to residual
magnetism [8]–[10].

In [8], brushless excitation was achieved by employing
an additional third harmonic current injection from another
inverter in the same stator winding. This resulted in a tem-
porarily pulsating third harmonic MMF in conjunction with
the fundamental rotating MMF in the air-gap. The harmonic
component was used to excite the rotor winding by inducing a
voltage in the rotor-mounted harmonic winding. The induced
voltage was rectified using a diode rectifier, which was also
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mounted on the rotor, and a DC voltage was fed to the field
winding.

In [9], the same third harmonic current excitation topol-
ogy was used with a dual inverter topology where dual
three-phase armature windings were used and a third har-
monic component of current was injected through a neutral
point connected between both armature windings. However,
these topologies are expensive as the drive requires an addi-
tional inverter for injecting the third harmonic current to the
stator windings as in [8].

Alternatively, two three-phase currents were supplied to
the two different parts of the stator windings by two invert-
ers in another brushless WRSM topology. Both inverters
were controlled to supply different current magnitudes to
the two different parts of the stator winding to generate a
fundamental and a subharmonic component of stator MMF
for torque and rotor excitation [11]. However, an additional
inverter is required to supply a different current magnitude
to generate subharmonic MMF, which means the topology
is valid for only two-inverter topologies. Although, single
inverter topologies have been proposed that are based on the
excitation principle of [11], these topologies lack the wider
flux-weakening capabilities undermining the advantage of
field control ability of the WRSM [3], [12]–[14].

In 2016, six-thyristor switch controlled scheme was pro-
posed for brushless excitation as shown in Fig. 1(a). In which
scheme the thyristor switches are turned on before zero
crossing of the current and the switches are turned off at
zero current crossing. Consequently, avoiding used of the
commutation circuit components or any additional input
source for generating third harmonic currents [15]. However,
the machine has high torque ripple factor emerging from
unwanted harmonics due to non-sinusoidal winding currents.

For the same purpose of generating an excitation MMF,
a harmonic component generation scheme was developed for
brushless excitation system as shown in Fig. 1 (b). The stator
MMF for excitation purpose is created by controlled input
current to an additional stator winding through a two-leg
inverter. In this case the excitation current is received from
a transformer at the output terminals of the same machine.
Since the harmonic current is in the additional winding, it is
inherently decoupled in the air gap field reducing unwanted
harmonic effects [10]. However, controlled harmonic cur-
rent fed to the additional stator winding makes the system
complicated.

Both the schemes work well with their respective limita-
tions. However, advancement has been made in this regard
to address the prevalent brushless excitation problems by
dual inverter schemes using conventional dual inverters with
open phase armature windings [9], where zero-sequence
phase-shifted current can be injected to induce voltage in the
rotor’s harmonic winding at different speeds for motoring
purpose.

In 2019, a combined design with main machine and
embedded synchronous exciter was developed as a robust
structure which utilizes conventional drive components for

FIGURE 1. Schematic diagram of existing topologies (a) basic topology
for brushless WRSM using thyristor switches [15] and (b) brushless
synchronous machine with stator harmonic winding [10].

flux control. The system is advantageous in that it uses con-
ventional drive system components. However, the machine
structure is volumetric and only small machines can be
designed with this proposed system [5], [20].

In 2020, dual-inverter-controlled scheme was proposed
based on open armature winding pattern with time-
controlled current transmission using inverter reference
current modification to generate third harmonic current
component [18], [19].

Referring to Fig. 1 (a) the brushless WRSM (BL–WRSM)
topology has the disadvantage of using the third harmonic
current in the same armature winding to induce a voltage
in the rotor harmonic winding resulting in high harmonics
which eventually needs a machine structure optimization.
The harmonics eventually contribute to high torque ripple
of the machine. Additionally, the inverter and switches are
combined to produce two main components of the air gap
field.

This paper proposes a BL–WRSM topology that employs a
stator harmonic winding. Compared to the existing topology
illustrated in Fig. 1 (b) [10], the proposed topology consists
of thyristor switches which turn off naturally at zero-crossing
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FIGURE 2. Classification tree of brushless wound rotor synchronous
machines based on excitation.

of current. Additionally, since the neutral wire is connected
to the rectifier and forms a closed loop, transformer is not
needed unlike the existing topology. Therefore, the overall
brushless WRSM size is reduced saving cost and reducing
components’ power loss.

Compared to the existing topology illustrated in
Fig. 1 (a) [15], the proposed topology has reduced harmonics
content, lower power loss in electromagnetic conversion.
Whereas, compared to the topology shown in Fig. 1 (b) [10],
transformer is removed and transistors are not used which
require commutation circuit.

A 2-D finite-element analysis (FEA) is performed to
analyze and verify the operating principle of the proposed
BL–WRSM. To support the theory and working of the topol-
ogy, and experiment on rated load on a prototype machine
is also performed. An overall categorization of brushless
WRSMs based on excitation is given in a tree-form of classi-
fication for simple understanding in Fig. 2.

II. PROPOSED TOPOLOGY AND WORKING PRINCIPLE
A. PROPOSED TOPOLOGY
The schematic of the proposed topology is based on the
stator harmonic winding utilization. The proposed topology
diagram is shown in Fig. 3.

There are two windings on the stator, the general three-
phase winding with a four-pole arrangement, and a stator har-
monic winding with a six-pole arrangement. To decouple the
air gap flux interaction, the six-pole stator harmonic winding
generates a pulsating six-pole flux which does not interact
with the rotating four pole flux. Two antiparallel thyristor
switches are connected in parallel with each phase winding.
The thyristor switches are closed near the zero crossing, and

FIGURE 3. Schematic diagram of the proposed topology.

a zero-sequence current is generated in the switches. This
zero-sequence current is rectified by the stator’s rectifier, and
a DC current is fed to the stator harmonic winding of the
six-pole configuration.

There are two windings on the rotor, a four-pole field
winding, and a six-pole rotor harmonic winding. Both the
harmonic and the field windings were connected by a diode
bridge rectifier which was also mounted on the rotor. The
six-pole flux generated in the air-gap owing to the current in
the stator harmonic winding induces a voltage in the rotor
harmonic winding. The current flowing in the rotor harmonic
winding owing to the induced voltage is rectified and fed
to the field winding. Consequently, brushes and slip rings
are not needed, and brushless operation is achieved. A 2–D
layout of the machine for the proposed topology is shown
in Fig. 4. The stator winding is a double layer used to fix the
three-phase armature windings, and the additional stator har-
monic winding is indicated with the symbol ‘‘Hs.’’ The stator
harmonic winding is fitted in 12 slots with a distributed six-
pole arrangement. On the rotor side, two types ofwindings are
mounted, namely field winding with a four-pole concentrated
arrangement, and a rotor harmonic winding with a six-pole
concentrated arrangement. Table 1 shows the parameters of
the machine structure depicted in Fig. 4. The stator and rotor
structure of the machine are shown in Fig. 4 (a) and (b)
respectively. In the stator there are three-phase coils and a
stator harmonic winding. The patterns of the three-phase coils
configured for four poles and the stator harmonic winding
configured for six poles are illustrated in Fig. 4 (c). In the
rotor there are two windings, namely the rotor harmonic
winding and the field winding. Fig. 4 (d) illustrates the pat-
terns of the rotor harmonic winding configured for six poles
and the field winding configured for four poles.

B. WORKING PRINCIPLE FOR BRUSHLESS OPERATION
The proposed brushless topology works based on the basic
principle of the WRSM. In addition, the topology gener-
ates harmonic currents that are used for rotor excitation for
brushless operation. To create a rotating MMF, a WRSM
is fed with the three-phase line currents from the inverter.
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TABLE 1. Machine design parameters.

FIGURE 4. Machine structure: (a) 18-slot stator and windings, (b) Rotor
with four-pole field winding and six-pole rotor harmonic winding,
(c) stator windings arrangement, and (d) Rotor windings arrangement.

The three-phase line currents in the conventional WRSM are

ia = I cosωt

ib = I cos
(
ωt −

2π
3

)
ic = I cos

(
ωt +

2π
3

)
 (1)

where I , is the peak value of line current, ω is the angular
electrical frequency, and t is time. In the brushless WRSM,
each line current is divided into coil current and switch cur-
rent. Therefore, the coil current responsible for generating the
rotating MMF is given by

iaw = ia − ias
ibw = ib − ibs
icw = ic − ics

 (2)

where iaw, ibw, and icw, represent the coil currents and ias,
ibs, and ics, represent the switch currents. The currents which
flow through the switches of the three phases are such that the
current in each switch has a value during the switching period
only. When the thyristor pulse is positive and equal to 1 V,
an instantaneous current flows through the switch. In all other
cases, this current is zero. For simplicity, a general pulse train
equation is considered to know the thyristor has been turned
on. Theoretically, the function that defines the ‘‘on’’ state of
the thyristor switch which is in parallel with the winding of
phase A is given by

fa(t) =
τ

T
+

∞∑
n=1

2
nπ

sin
(πnτ
T

)
cos

(
2πn
T

(
wt −

τ

2

))
(3)

where τ is the duration of the on state of the thyristor, T is the
time period. To ensure that the pulse frequency is twice that
of the current frequency, t is replaced with 2t . As the ‘‘on’’
states for the switches connectedwith phases B and C occur at
the angles of −2π /3 and +2π /3 respectively, the ‘‘on’’ state
functions for the switches are then calculated as

fa(t)=
τ

T
+

∞∑
n=1

2
nπ

sin
(πnτ
T

)
cos

(
2πn
T

(
ωt −

τ

2

))
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τ
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+
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sin
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(
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τ

2
−
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fc(t)=
τ

T
+
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2
nπ

sin
(πnτ
T

)
cos

(
2πn
T

(
ωt−

τ

2
+
2π
3

))
(4)

Herein, the independent variable for the phase current and
on state function is t , and T is half the time period of the sine
current.

The coil current, switch current, and line current for phase
A are illustrated in Fig. 5. When the thyristor is triggered,
the coil current drops to zero and at the same time the switch
current rises to a value of line current at that instant.

As pure sine wave currents are fed to the machine wind-
ings, the harmonic current flows in the closed loop between
the switch connected to the stator harmonic winding and the
coils of phase A when the thyristor is turned on. Neglecting
the transient current, the switch currents for the three phases
are calculated as

ias =

{
0 if fa(t) = 0
I cos (ωt) if fa(t) 6= 0

VOLUME 8, 2020 151395



G. J. Sirewal et al.: Analysis of a BLWRSM Employing a Stator Harmonic Winding

FIGURE 5. Illustration of current waveforms resulting from switching on
thyristors before zero crossing.

ibs =

{
0 if fb(t) = 0
I cos (ωt − 2π/3) if fb(t) 6= 0

ics =

{
0 if fc(t) = 0
I cos (ωt + 2π/3) if fc(t) 6= 0

(5)

These currents add up and flow in the neutral wire. This
means that the neutral current is

in = ias + ibs + ics (6)

By substituting (5) for switch currents in (2) we obtain:

iaw =

{
I cos (ωt) if fa(t) = 0
0 if fb(t) 6= 0

ibw =

{
I cos (ωt − 3π/3) if fb(t) = 0
0 if fb(t) 6= 0

icw =

{
I cos (ωt + 3π/3) if fc(t) = 0
0 if fc(t) 6= 0

(7)

The coil currents, which are responsible for creating a four-
pole rotating flux to interact with the field winding flux for
torque production, are calculated using (7). Equations (5)
and (6) are used to calculate the switch currents to be rectified
and fed to stator harmonic winding for six-pole air-gap flux
production. Hence, the six-pole flux will be used to induce
current in the rotor harmonic winding to be fed to the field
winding for brushless operation.

Therefore, for the purpose of this analysis, the approxima-
tions of coil currents and rectified stator harmonic winding
current are used to calculate the MMF for four-pole and
six-pole components respectively.

FIGURE 6. Voltage variations of the three phases.

An approximation of the coil currents can be achieved by
neglecting the harmonic current using (8).

iaw =
√
2I ′rms cosωt

ibw =
√
2I ′rms cos

(
ωt −

2π
3

)
icw =

√
2I ′rms cos

(
ωt +

2π
3

)
 (8)

where I ′rms is the rms value of the coil current. From these
currents the fundamental MMF can be calculated as

Fabc =
3N
√
2

πp
I ′rms cos

(
ωt −

p
2
θs

)
(9)

where N is the phase winding turns, p is the pole pair number,
and θs is the spatial position angle.

The approximation of the rectified average current fed to
the stator harmonic winding neglecting the harmonic current,
can be given by [16]

IHs =
3
√
3Vm

πZHs
cos(α) when α ≤

π

3
(10)

where IHs is the current in the stator harmonic winding, Vm is
the maximum rectified voltage, ZHs is the impedance of the
stator harmonic winding and α is the firing angle. Therefore,
the highest magnitude component of the MMF due to this
current can be calculated by [17]

FHs =
2NHs
πpH

IHskw cos
(pH

2
θs

)
(11)

where NHs is the number of turns of the stator harmonic
winding and PH is the pole pair number of the stator harmonic
winding and kw is the winding factor. For the brushless opera-
tion of the machine it is necessary that the air-gap MMFmust
have fundamental and harmonic components. Therefore,
(9) and (11) show that two components are present in the
air-gap flux. The fundamental four-poleMMF to synchronize
with field winding flux is calculated using (9). The harmonic
six-pole MMF to induce a voltage in the rotor harmonic
winding is calculated using (11). As the voltage is induced
in the rotor harmonic winding, it feeds current to the field
winding. Hence brushless operation can be achieved.
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FIGURE 7. (a) Three-phase line currents. (b) Three-phase coil currents.
(c) Neutral current flowing through the thyristor switches.

III. ELECTROMAGNETIC PERFORMANCE
The proposed topology was analyzed using the FEA tool
ANSYS Maxwell 19.0. The phase voltages are shown
in Fig. 6, and the voltages had RMS values equal to 67 V
in each phase. It can be seen that voltage spikes occur at the
instant of switching in Fig. 6. The voltage increases rapidly at
these instances only limited by impedance of the coil because
the current through coil approaches to zero at the time of
switching. To limit these spikes, a voltage limiting circuit can
be used across the switch, particularly when the ‘‘on’’ state
is amplified for higher excitation current. In this regard, a

FIGURE 8. Plots of temporarily varying (a) voltage and (b) current of the
stator harmonic winding.

capacitor in series with a resistor can be used as cost-effective
and simple configuration of voltage limiting circuit.

The machine was fed with the three-phase line currents
sinusoidal shape as shown in Fig. 7 (a), divided into coil
current and neutral current as shown in Fig. 7 (b) and (c)
respectively. The line current, coil current, and neutral cur-
rent shown in Fig. 7 were consistent with (1), (5), and (6)
respectively. Apart from the fact that the transient current is
neglected in the equations, the results matched the prediction
of the equations. It should also be noted that the winding
impedance will affect the results if a low resistance is consid-
ered. This is due to the inductive effect of the winding which
may change the magnitude of the stator harmonic winding
current and the resulting air gap harmonic flux.

As the neutral current was alternating, this current would
not produce the six-pole flux directly. Therefore, the cur-
rents flowing into the thyristor switches from the three-phase
armature windings were rectified before they were fed into
the stator harmonic winding. Depending on the ‘‘on’’ state
duration of the switch, the magnitude of the harmonic current
could be increased or decreased. In this analysis, the average
value of the rectified current was calculated to be 2.4 Awhich
is 16% of the three phase input current. The rectified voltage
is 1.65 V which is 2.62% of the phase voltage. The waveform
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FIGURE 9. Load analysis: (a) Rotor currents (b) Field current in steady-state condition (c) Output torque (d) Torque
graph in steady-state condition (e) FFT of the steady-state torque.

of the rectified voltage and current of the stator harmonic
winding are shown in Fig. 8 (a) and (b), respectively.

The current in the stator harmonic winding created a
six-pole flux in the air-gap which was intercepted by the
rotor harmonic winding. Consequently, an AC voltage was
induced in the rotor harmonic winding. Owing to this voltage,
the currents in the rotor harmonic winding and the field wind-
ing gradually increased from zero to a steady state condition
as shown in Fig. 9 (a). The steady-state field current graph
is also shown in Fig. 9 (b) where average value of 4 A is
achieved. As the field current gradually built up, the torque
also proportionally increased, as shown in Fig. 9 (c).
The torque in the simulation was 4.6 Nm with a torque ripple

percentage of 15% as illustrated in Fig. 9 (d). The average
torque and torque ripple percentage are calculated by

Tavg =
Tmax + Tmin

2
Trip =

Tmax − Tmin

Tavg
× 100

 (12)

where Tavg is the average torque, Tmax is the maxi-
mum torque, Tmin is the minimum torque, and Trip is
the torque ripple percentage. Additionally, the torque ripple
harmonic frequencies are shown in Fast-Fourier-Transform
(FFT) graph of Fig. 9 (e). It can be seen that the ripple
is mostly generated due to 6th and multiple of 6th order
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harmonics. One of the factors contributing to the 6th order
torque ripple is tooth harmonic fields which depends on the
structure of the machine. When the rotor field winding is
intercepted by tooth harmonic fields, a voltage is induced
in the field winding which allows a current flow through
diode rectifier. However, it can be reduced by optimizing the
structure of the machine.

As it is mentioned that the proposed topology reduces the
harmonics compared to the basic topology in Fig. 1 (a) [15],
the harmonic contents of both the topologies are compared
in Fig. 10. Fig. 10 (a) shows the harmonic current frequency
in the phase A coil and Fig. 10 (b) shows the harmonic
voltage frequency in the rotor harmonic winding. It can be
seen that the harmonic contents of the phase A coil current
in the basic and proposed topologies is very small. However,
when the voltage was induced in the rotor harmonic winding,
it contained higher harmonic contents for the basic topology
as opposed to the proposed topology. It can also be noted that
the machine structure is such that the field pole teeth are split
to accommodate rotor harmonic winding.

FIGURE 10. Basic and proposed topology harmonic contents:
(a) Harmonic current frequency in phase A coil and (b) Harmonic
voltage induced in rotor harmonic winding.

This causes a light difference in flux distribution at the
pole teeth on the air gap side. For analysis the flux density
and flux lines distribution at steady-state condition are shown
in Fig. 11 (a) and (b) respectively.

Cogging torque of the machine is also shown in Fig. 12,
when DC 4A current was fed to the machine at no-load
condition.

IV. EXPERIMENT
The experiment was conducted to confirm the simulation
results obtained in the FEA and hence validate the brushless

FIGURE 11. Steady-state condition plots: (a) flux density distribution and
(b) flux lines distribution.

FIGURE 12. Cogging torque of the machine at 4A field current.

operation of the proposed topology. For this purpose, a pro-
totype machine was manufactured which is shown in Fig. 13.
Fig. 13 (a) and (b) show the stator and rotor core with
windings respectively. In the experiment, the armature coils
were supplied with controlled current from an inverter. For
the brushless operation, thyristor switching was performed
to feed the harmonic current to the stator harmonic winding
which eventually created harmonic flux for brushless
excitation.

A thyristor firing board and three antiparallel thyristor
modules were used for the thyristor switching circuit as
shown in Fig. 14 (a). For brushed operation, the machine was
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FIGURE 13. Prototype machine: (a) stator and (b) rotor.

FIGURE 14. Experiment using the prototype machine: (a) thyristor firing
board with thyristor modules and (b) setup for load-connected operation
of the machine.

operated using the setup shown in Fig. 14 (b) and then the
thyristor circuit was connected to the machine for brushless
operation.

The experimental setup as shown in Fig. 14 (b) displays
the prototype machine connected to a synchronous machine
denoted as ‘‘Load’’. This synchronous machine was further
connected to three-phase load resistances. Due to the absence
of residual magnetism, the load machine was used to start the
rotate the prototype machine to the rated speed and then the
load machine was connected to resistive load. The torque in
the load connection condition was measured by coupling the
load with the prototype machine through a torque sensor.

To verify that the proposed brushless topology works
through experiment on a prototype, a load torque should be
obtained by providing the dc current to the stator harmonic
winding from thyristor switching circuit. The experiment
results in the steady state condition of the machine are shown
in Fig. 15. The machine was supplied with currents from the
inverter and the thyristor circuit was connected in parallel
with the armature coils.

FIGURE 15. Experimental measurement (a) Torque of the machine (b) dc
current fed to stator harmonic winding (c) Three phase currents from
inverter.

In the experiment, the three-phase line currents were
supplied to the machine at constant 60 Hz frequency. For
controlled conditions, the inverter was used to supply a con-
trolled fixed frequency. Three phase line currents are shown
in Fig. 15 (c). The DC current fed to the stator harmonic
winding and the torque are also shown in Fig. 15.

The torque of the machine was measured for brushless
operation of the prototype. Fig. 15 (a) shows the measured
torque in brushless operation in a steady state condition.
It can be observed that the torque waveform shows ripples.
These are mainly 6th and 12th harmonic order torque ripples.
Other higher harmonic ripples were not clearly observed in
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the experiment due to some neglected factors such as the
rotor inertia which provides mechanical damping for torque
ripple in the experiment. The torque output was measured
to be 4.5 Nm in the brushless steady state condition with a
torque ripple of 13%. It can be noted that the torque ripple in
the experiment is lower than the torque ripple in the simula-
tion. The smoother torque curve in the experimental result is
mainly due to the coupled load machine which has its own
inertia and the accumulated error in the experimental setup.
The overall performance comparison is shown in Table 2. The
measured torque of the machine in its steady state condition
of brushless operation was is 4.5 Nm in the experiment
whereas the torque was calculated as 4.6 Nm in simulation
results. Therefore, a 2.2% error was observed in themeasured
torque.

TABLE 2. Performance comparison parameters.

A comparison is given in Table 2 showing that the input
parameters are the same - that is 4.95 Arms phase current.
The primary difference between the proposed topology and
to the basic topology was that the induced field current and
accordingly the torque was reduced.

V. CONCLUSION
This study proposed a brushless WRSM topology which
employed a stator harmonic winding to control the harmonic
current with thyristor switches without the use of an inverter.
A stator harmonic winding was mounted on the stator in asso-
ciation with the armature winding for its configuration in a
six-pole arrangement. Currents in thewinding and switches in
the proposed topology for brushless WRSMs were analyzed
theoretically, and finite-element analyses were performed for
verification of the brushless operation. The results obtained
from the simulation and experiment were consistent and
validated the operation of the proposed brushless WRSM.
Therefore, it is concluded that the proposed topology works
without an inverter and the unwanted harmonic content is
low, which eventually results in low torque ripple. The results
show that the topology has potential for implementation
in a practical application. For further analysis, it can be

implemented with specific load requirements and intensive
tests can be performed to vary its capacity for application.
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